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Introduction
The working heart requires integration of many diversified structures including the myocardium, valves and vessels. To achieve this, each structure is composed of specialized cell populations and a specific extracellular matrix (ECM) network that collectively provide the necessary biomechanics to meet hemodynamic demands during the cardiac cycle [1] . In the myocardium, cardiac myocytes and fibroblasts are the predominant cell types arranged within a complex 'cardiac interstitium' primarily composed of collagens, proteoglycans and glycoproteins [2] . During cardiogenesis, the ECM plays a crucial role in regulating many cellular processes including proliferation, adhesion, migration and changes in gene expression [1, 3, 4] . Further, perturbation of genes encoding matrix proteins can result in prenatal lethality or congenital heart disease in humans [1, 3] . After birth, the ECM is required to maintain homeostasis of adult cardiac structures under normal physiological conditions and in response to stress or injury [1, 3] . This is achieved through remodeling that commonly occurs in the myocardium following injury, such as myocardial infarction. This process is characterized by cardiac fibroblast activation to increase ECM synthesis and deposition of scar tissue to replace necrotic cardiomyocytes and maintain structural integrity [5] . While short-term remodeling can be beneficial, persistent ECM deposition after repair is deleterious and leads to ventricular stiffening and congestive heart failure [5] . Therefore it is imperative that the myocardium establishes and maintains an appropriately organized ECM network to meet the functional demands of healthy and compromised hearts.
Like most connective tissue systems, the development and maintenance of the cardiac interstitium is dependent on the assembly of collagen fibrils, predominantly types I, III and V, and the subsequent organization into highly ordered fibers [2, 6] . This hierarchical organization of collagen fibrils is essential for providing tensile strength to the myocardium in response to changes in hemodynamic load, and functions to transmit force during the cardiac cycle. The process of fiber formation from fibril bundles requires two major groups of fibril-associated molecules; the first are members of the leucine-rich repeat family of proteoglycans and glycoproteins including decorin, lumican, biglycan and fibromodulin [7] [8] [9] [10] . The second group is the fibril-associated collagens with interrupted triple helices (FACIT) that include Collagen XIV, previously shown to be highly expressed in areas of high mechanical stress [11] [12] [13] [14] [15] . In its role as a FACIT, Collagen XIV predominantly interacts with, and adheres to Collagen I to promote fiber assembly [16] . Mice null for Collagen XIV are viable but detailed analyses of skin and tendons reveal defects in fibril growth and fiber assembly during embryonic development [11] . As a result of altered fibrillogenesis, fiber structure is compromised and the biomechanical functions of these tissues are significantly diminished [11] . Therefore suggesting that Collagen XIV is important for ECM assembly and tissue function in tendons and skin.
To date, there are limited studies examining the requirement of collagens for structure and function of the heart. A recent study reported that Collagen XV, a non-fibrillar collagen type localized to basement membranes of microvessels and cardiac myocytes, is necessary for organization of the cardiac interstitium and vasculature [17] . As a result, cardiomyocyte size is reduced and alignment is disrupted in young Col15a1 −/− mice, while older animals develop early onset cardiomyopathy [17] . In addition to this study, we have described the roles of fibrillar Collagens V and XI for myocardial morphogenesis and formation of the cardiac valves during embryonic development [18] . In another study from our group, we reported Collagen XIV expression in the heart [19, 20] , however its function was not examined. Therefore, in this current study we set out to characterize the cardiovascular phenotypes of embryonic and adult hearts from Col14a1 −/− mice [11] at molecular, cellular and functional levels. Our data show that Collagen XIV plays an important role in establishing the cardiac interstitium within the developing myocardium, in addition to regulating cardiomyocyte growth and cardiac fibroblast survival. These alterations during embryonic development lead to functional defects in adult mice and greater increases in chamber wall growth in the absence of hyperplasia, in Col14a1 −/− hearts following pressure overload conditions. Collectively our findings reveal previously unappreciated roles for FACIT collagens in the formation of the cardiac interstitium and development of the mature myocardium.
Material and methods

Generation of mice
Collagen (Col) 14a1 +/− mice [11] were inbred to generate Col14a1 −/− and wild type (Col14a1 +/+ ) controls. Genotyping by PCR was performed as previously described [11] using genomic DNA isolated from mouse tail biopsies. All animal procedures were approved and performed in accordance with IACUC institutional guidelines at The Research Institute at Nationwide Children's Hospital.
Histology
Whole hearts from Col14a1 −/− and wild type (Col14a1 +/+ ) mice were collected at E11.5, E14.5, Post natal day 1 (PND1) and 3 months of age in 1X Phosphate Buffered Saline (PBS) and either fixed in 4% paraformaldehyde (PFA) overnight at 4°C or left unfixed. Fixed tissues were subsequently processed for either paraffin-or cryo-embedding and sectioned at 6 µm and 10 µm, respectively. Alternatively, unfixed tissue was immediately processed for frozen block cryo-embedding and 10 µm tissue sections were cut. For fluorescent immunohistochemistry, fixed tissue sections were processed as previously described [21] , followed by an overnight incubation at 4°C with primary antibodies against Collagen XIV [22] and Thy-1 (BD Pharmingen, 1:100) for 2 hours at room temperature. Detection of primary antibodies was performed using appropriate conjugated secondary antibodies (1:200, PBS) (Alexa-Fluor, Invitrogen). Nuclei were detected by staining with DAPI (1µg/ml, 10 minutes) and/or cell membranes with Wheat Germ Agglutinin (WGA) (10µg/ml, 10 minutes). Stained tissue was mounted in Vectashield Hard Set mounting medium (Vector Laboratories). Images were captured using an Olympus BX51 fluorescent microscope. Quantitation of cardiac fibroblast and cardiomyocyte number was determined by counting cells the number of Thy1 + /Vimentin + (fibroblasts) or MF20 + (cardiomyocytes) cells, over the total number of DAPI-stained nuclei. To further examine proliferation and apoptosis rates of these cells, the number of Thy1 + (fibroblasts) or MF20 + double stained with Phospho-Histone H3 + (proliferation) or Cleaved Caspase-3 (apoptosis) were reported over the number of nuclei in at least 10 microscopic images from 3 hearts. The average number of cardiomyocytes (outlined by WGA staining), and number and length of intercalated discs (labeled by antibody against N-cadherin) were determined using Photoshop CS5 software (Adobe) (10 fields, n=3). Trichrome and Pentachrome staining were performed on paraffin tissue sections from Col14a1 −/− and wild type adult hearts as previously reported [19] . Quantification of fibrosis in Trichrome stained tissue sections was determined by counting the total pixel numbers of blue area (total collagens) normalized to red area (cardiac muscle) using ImagePro Plus software. Significant differences in Col14a1 −/− compared to wild types was determined using Student's t-test (p<0.05).
Transmission Electron Microscopy
Ventricles were isolated from 3 month old Col14a1 −/− and wild type mice and processed for transmission electron microscopy as described [23] [11] . Briefly, left ventricles were dissected and fixed in 4% PFA, 2.5% glytaraldehyde, 0.1 M sodium cacodylate, pH7.4, with 8.0 mM CaCl 2 , post-fixed with 1 % osmiumtetroxide and En-Bloc-Stained with uranyl acetate/50% ethanol. After dehydration in an ethanol series, followed by propylene oxide, tissue samples were infiltrated and embedded in a mixture of Embed 812, nadic methyl anhydride, dodecenyl succinic anhydride, and DMP-30 (Electron Microscopy Sciences, Hatfield, PA). Thin sections (90nm) were cut using a Leica Ultracut UCT ultramicrotome and post-stained with 2% aqueous uranyl acetate and 1% phosphotungstic acid, pH3.2. Sections were examined at 80 kV using JEOL 1400 transmission electron microscope and captured with a Gatan Ultrascan US1000 2 K digital camera.
Western blot
Collagens were extracted from Col14a1 −/− and wild type ventricles at PND1 as previously described [11] using a 1X buffer (20 mM Tris (pH7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1mM -glycerophosphate, 1mM Na 3 VO 4 , supplemented with Complete EDTA (Roche) free protease inhibitor cocktail). 30µg of extracted collagen was run on a pre-cast 8% SDS PAGE gel (Invitrogen) and transferred to nitrocellulose membranes as described [19] . Membranes were blocked in 5% fat free dried milk for 1 hour and probed with antibodies against Collagen XIV [22] (1:1000, 2 hours) and Actin (1:5000, 1 hour, Chemicon/Millipore), followed by incubation with antimouse horseradish peroxidase-conjugated secondary antibody (1:15000, 1 hour, Cell signaling). Membranes were then washed three times in 1X TBST for 15 minutes. Western blots were developed using Super Signal West Pico Substrate (Pierce) and BioMax MR film (Eastman Kodak).
PCR analyses
Total mRNA was isolated from Col14a1 −/− and wild type ventricles at E11.5, PND1 and 3 months of age, as well as TAC and Sham-operated mice using TRIzol [24] . 200~400 ng mRNA was used to generate cDNA using the high-capacity cDNA kit (Applied Biosystems) [21] . 1 µg of cDNA from each mRNA sample was subject to custom Taqman Low Density Array (TLDA) analysis using the 7900 HT Fast Real-Time System according the manufacturer's instructions (Applied Biosystems). The ΔCt (cycle count) of each target gene was determined by normalization to the Ct of 18s. Fold changes in Col14a1 −/− samples over wild types were determined as described [19] . Alternatively cDNA from E11.5, PN and 3 month old Col14a1 −/− and wild type ventricles was subject to quantitative PCR (qPCR) using Taqman probes (Applied Biosystems) against mouse Col14a1 and normalized to 18s expression level (n=3). For absolute transcript calculation, the formula POWER ( AAGACGAAGGAGCTGCAGAAC) and detected using Sybr Green as described [19] . Statistical significance in transcript levels between Col14a1 −/− and wild type samples were determined using Student's t-test on at least 3 independent experiments with p<0.05.
Skinned Fiber Assays
Mouse Skinned Cardiac Fiber Preparation-Skinned papillary muscles were prepared from left ventricles isolated from Col14a1 −/− and wild type mice (>n=3) at 3 months of age. Small bundles of fibers were isolated and treated overnight with a pCa 8. Stretch-force Relationship Measurements at Low Ca 2+ ConcentrationVentricular papillary muscle skinned fiber, prepared from 3 month old Col14a1 −/− and wild types were mounted as described above. Fibers were treated with pCa8.0 containing 1% Triton X-100 for 30 mins and extensively washed with pCa 8.0 without Triton X-100. After the skinning process, the slack length from the fiber was determined by releasing and stretching until it starts to generate tension. This point was set as zero for both passive force and starting length. After this, the fiber was consecutively stretched 10% of its original length and the passive force in KN/m2 was recorded. These experiments were carried out at pCa 8.0.
Echocardiography
Transthoracic encocardiography was performed on 3, 6 and 12 month old Col14a1 −/− and wild type male mice, as well as the TAC and Sham-operated mice before and 2 weeks after the surgery, using the VisualSonics 770 system (Toronto, Canada) as described [21] . Mice were anesthetized by 1% isoflurane inhalation and placed on a heated platform (37°C). Twodimensional imaging was recorded with a 45 MHz transducer to capture long-and short-axis projections with guided M-Mode, B-Mode and PW Doppler recorded. For data presented in Table 1 , the average reading for each echocardiographic parameter was recorded from at least 3 distinct frames from n=5-8 individual mice from the four experimental groups (wild type Sham (n=6), wild type TAC (n=8), Col14a1 −/− Sham (n=5), Col14a1 −/− TAC (n=7)) both prior to surgery and two weeks post surgery. Statistical significance was determined using Student's t-test (p<0.05).
Transverse aortic constriction (TAC)
Artificial left ventricular pressure overload was performed on 8 week old Col14a1 −/− and wild type mice following echocardiography, as previously described [26] with the modification of TAC and Sham-operated mice receiving Buprenorphine treatment subcutaneously (0.1 mg/kg) 12 hours after surgery. 2 weeks post surgery, mice were weighed and subjected again to echocardiography and then euthanized, hearts weighed and collected for analyses as described above.
Primary mouse cardiomyocyte isolation
Ventricular cardiomyocytes were isolated from 10 week old Col14a1 −/− and wild type hearts (n=3) as described [27] . Briefly, each heart was mounted on a Langendorf apparatus followed by retrograde perfusion through the aorta with perfusion buffer (Alliance for Cell Signaling, Protocol PP00000125) [27] for 4 mins, followed by perfusion with buffer containing 12.5 µM CaCl 2 , 0.14 mg/mL trypsin and 4 Wünsch units of Liberase TH (Roche) for 4 mins (Col14a1 −/− ) or 6 mins (wild type). Ventricles were separated from the digested hearts, minced, triturated and cardiomyocytes were mechanically dispersed in perfusion buffer (containing 12.5 µM CaCl 2 and 10% calf serum), and filtered. The isolated cardiomyocytes were then resuspended in increasing concentrations of CaCl 2 over 16 mins to achieve a final concentration of 1 mM. Treated myocytes were plated on Laminin-coated 2-well chamber slides (Thermo) in Minimal Essential Medium with Hanks' salts and 2 mM L-glutamine (MEM), supplemented with 5% calf serum, 10mM 2,3-butanedione monoxime, and 100 U/mL penicillin-streptomycin. After 1-hour incubation (5% CO 2 , 37 °C), plated cardiomyocytes were fixed with 2% PFA for 30 mins on ice and subjected to immunofluorescence using an antibody against MF20 (hybridoma bank, 1:400). Detection of the primary antibody against MF20 using appropriate secondary antibodies (Alexa-Fluor, Invitrogen) was performed and cells were further stained with WGA and DAPI as described above. Images of cells (400X magnification) were taken using Olympus BX51 microscope. The average size of each cardiomyocyte was determined by measuring the area (WGA + ) of 50-100 cells (n=3) using Image J software. Statistical significance in cardiomyocyte area in Col14a1 −/− versus wild type mice was determined using Student's t-test (n=3, p<0.05).
Results
Collagen XIV is expressed in the developing heart
Collagen XIV is predominantly expressed in tissues of high mechanical stress [11] [12] [13] [14] , however its expression in the heart has not been fully examined. Using immunohistochemistry, Collagen XIV was not detected in the heart until embryonic day (E) 12.5 where it was observed in the developing epicardium and endocardial cushions (data not shown). By E14.5, expression was detectable at low levels within the interstitial space of the developing ventricular myocardium and epicardium ( Figure 1A ). In contrast, high levels of expression were observed in the developing rib structures ( Figure 1A) . By post natal (PN) stages, expression was higher within the subepicardial region (arrowhead, Figures 1B, E) as well as the interstitial space within the ventricular myocardium, particularly within the compact layer compared to the trabeculae layer (arrows, Figure 1B , E). Additional immunoreactivity was also seen within the developing valve leaflets and chordae tendineae ( Figure 1C ), as well as around the intramyocardial coronary vessels ( Figure 1D ). Expression was maintained in the adult myocardium ( Figure 1F ) and valve structures, although levels were less than during post natal stages ( Figure 1F ).
Col14a1 −/− mice have attenuated cardiac function, but no change in the stretch-force relationship of the myocardium
To determine the role of Collagen XIV in the developing heart, cardiac structure and function was examined in Col14a1 −/− and Col14a1 +/+ (wild type) mice [11] . Western blot analysis performed on collagen extracts from post natal mice confirms a knockout of Collagen XIV in Col14a1 −/− hearts compared to wild types (Figure 2A ). Histological examination of hearts from 3 month old Col14a1 −/− mice revealed a 'rounded' ventricular chamber ( Figure 2C ) compared to littermate wild types ( Figure 2B) , with no gross changes in wall thickness; consistent with indifferent heart weight to body weight ratios at baseline (data not shown). At the functional level, echocardiography of 3, 6 and 12 month old Col14a1 −/− males showed increased left ventricular end-diastolic volume at 12 months of age (110µl±6.7 vs. 88µl±9.4), and all time points examined during systole (50µl±3.77 vs. 35µl±4.6, 42µl±1.8 vs. 34µl±1.0, 59µl±4.1 vs. 40µl±5.8) (Figures 3A, B) . In addition, ejection fraction was significantly decreased in mutant mice at 3 (50.6%±3.0 vs. 57%±2.8), 6 (49.4%±1.44 vs. 56.3%±0.9) and 12 months (47.6%±1.6 vs. 54.4%±2.2) ( Figure 3E ). In support of histological analyses, left ventricular posterior wall (LVPW) thickness was not significantly altered in mutant mice ( Figures 3C, D) , other than a subtle decrease in LVPW during systole at 12 months of age (0.91mm±0.05 vs. 1.12mm±0.07) ( Figure 3D ). To determine if Collagen XIV deficiency affects the biomechanics of the ventricular chamber, stretch-force relationship assays were performed using skinned papillary muscles isolated from 3 month old Col14a1 −/− and wild type mice. Unlike previous studies in the skin in which the maximum stretch of skin was dramatically reduced [11] , the resistance of ventricular skinned fibers to stretch (0-40%) under resting conditions was not altered in Col14a1 −/− mice. Collectively, these data suggest that gross cardiac structure and myocardial contractility is modestly altered in Col14a1 −/− mice.
Loss of Collagen XIV during embryogenesis disrupts extracellular matrix homeostasis within the developing and mature myocardial interstitium
To ascertain changes in the composition and organization of ECM components within the ventricular myocardium of Col14a1 −/− mice, a combination of gene expression, immunohistochemistry and electron microscopy assays were performed. Using Taqman Low Density Array assays, the approximate transcript levels of Col14a1 and several other collagen types were determined in ventricular tissue isolated from wild type and Col14a1 −/− mice at E11.5, post natal and 3 months of age (Figure 4) . In wild type mice, Col14a1 mRNA levels were relatively high and comparable with Col1a1 in the ventricular myocardium at E11.5 through post natal stages, while levels were significantly lower by 3 months of age. In the absence of Collagen XIV notable changes in mRNA levels of other collagen isoforms were observed in the ventricular myocardium of Col14a1 −/− mice by E11.5. These include significant increases in Col1a1, Col1a2, Col3a1, Col27a1 and Col12a1 mRNA levels, and reduced Col6a1 and Col9a1. At post natal stages, only Col6a1 was affected with increased levels observed in null animals. By 3 months of age, levels of collagen isoforms were altered again in Col14a1 −/− mice with alpha chain transcripts for fibril-forming collagen types Col1a1, Col1a2, Col11a1, Col27a1 all increasing, along with the network collagen type, Col8a2, while levels of Col12a1 (FACIT) were reduced. Consistent with a trend towards reduced levels of Col1a1 in the ventricular myocardium at 3 months of age ( Figure 4A ), additional Western blot analysis showed a 2.6-fold and 2185-fold decrease in protein expression in ventricles from Col14a1 +/− and Col14a1 −/− mice, respectively ( Figure 5A ). In support, immunostaining revealed a similar trend within the epicardium and ventricular interstitium ( Figure 5A ). Collectively these data show that loss of Collagen XIV from early stages of embryogenesis alters mRNA levels of several other collagen types in the developing and mature ventricular myocardium.
To examine if changes in collagen transcripts are associated with alterations in overall collagen processing and myocardial matrix remodeling [28] , qPCR analyses were performed. Compared to wild types, expression of Plod1 that encodes the enzyme lysyl hydroxylase1, and GLT25D1 and GLT25D2 (procollagen galactosyltransferases) were increased in the ventricular myocardium of post natal Col14a1 −/− mice ( Figure 5B ).
Therefore suggesting that post translational modifications of collagens are affected in these mice. At the level of matrix remodeling, Mmp2 (8.0±1.5), Mmp9 (412±42.6), and their inhibitors Timp2 (3.5±0.2) and Timp3 (2.2±0.08) were increased in Col14a1 −/− mice at E11.5. Mmp2 and Mmp9 are gelatinases and serve to digest denatured collagens and Collagens IV and V within basement membranes [29] . In contrast, by post natal stages, Mmp3, known to target non-fibrillar collagens, proteoglycans, laminin, fibronectin and elastin, was significantly downregulated (0.0004±0.0002). However in the adult, only Timp2 expression is decreased (0.3±0.09) ( Figure 5C ). Electron microscopy analysis revealed that these collective alterations in collagen and remodeling gene profiles have detrimental effects on the ultrastructure of the ventricular myocardium at post natal stages ( Figure 5D-F) . In wild types, collagen fibrils were highly organized and arranged in tight bundles within the interstitial space ( Figure 5D ), while in Col14a1 −/− mice fibrils were abnormally dispersed throughout the interstitial space ( Figures 5E-F) . These observations suggest that Collagen XIV is required to establish and maintain a balanced and organized ECM environment in the development myocardium.
Myocyte cell size and number is altered in the post natal ventricular myocardium of
To determine potential changes in cardiomyocyte maturation and growth in Col14a1 −/− mice, morphometric and proliferation analyses were performed. At E11.5, analysis of Phospho-histone H 3 (pHH 3 ) immunoreactivity revealed undetectable differences in cell proliferation in the ventricle of Col14a1 −/− mice compared to wild types ( Figure 6C ). At this time, cardiomyocyte size was also comparable with wild type mice (data not shown). By post natal stages (PND1), proliferation rates of cells almost certainly cardiomyocytes (MF20-positive) was significantly higher in Col14a1 −/− mice (7.2±0.19 vs. 3.6±0.4) ( Figures 6A-C) , however at 3 months levels were back comparable with wild types.
Although no change in cell proliferation was observed at 3 months, changes in cardiomyocyte size and number were noted. N-cadherin immunostaining revealed dramatic increases in the number (57.3±1.78 vs. 38.7±1.2, per microscopic field) ( Figure 6D-F) , and length (2.69mm±0.17 vs. 9.24mm±0.5) (data not shown) of cardiomyocyte intercalated discs in Col14a1 −/− mice compared to wild types, suggesting increased numbers of smaller cells. In support, cultured cardiomyocytes isolated from 10 week old Col14a1 −/− mice are 24% (±0.04%) smaller than wild types ( Figure 6G-I) . Although it is noted that this in vitro approach is circumstantial to in vivo conditions.. These studies suggest that Col14a1 plays an important role in proliferation and growth of cardiomyocytes during later stages of myocardial maturation.
Cardiac fibroblast number is reduced in the post natal ventricular myocardium of
Our analyses show that in the absence of Collagen XIV, mRNA levels of differential collagens and matrix remodeling genes are significantly altered and myocyte proliferation is prolonged in the post natal myocardium. As previous studies have shown that cardiac fibroblasts interact with the ECM and cardiomyocytes to modulate homeostasis and remodeling of the myocardium [1] , we examined this cell population in our system. At PND1, the percentage of cells expressing the fibroblast-associated marker Thy1, [30] was significantly lower in the post natal ventricular myocardium of Col14a1 −/− mice ( Figure   7A -C). In support, similar trends of reduced fibroblast numbers were also observed using a second marker, Vimentin (7.1%±0.3 vs. 5.5%±0.2). These observations were consistent with a significant increase in the number of Thy1-positive cells co-expressing the apoptosis marker, Cleaved Caspase-3 ( Figures 7D-F) , however differences in Thy-1+ cell proliferation were not detected ( Figure 7G-I ). Therefore we conclude that cardiac fibroblast cell death is increased in Collagen XIV null mice at post natal stages.
Pressure overload enhances left ventricular wall growth in Col14a1 −/− mice
Transverse aortic constriction (TAC) is commonly used as a model for pressure overloadinduced cardiac hypertrophy [31] . In addition to myocyte enlargement (hypertrophy), animals subjected to TAC undergo extensive myocardial remodeling including an accumulation of interstitial collagen termed fibrosis, which is largely beneficial for ventricular remodeling short term, but long term, it increases ventricular stiffness, impairing cardiac function [32, 33] . To determine if hypertrophy and/or fibrosis is altered in Col14a1 −/− mice, 8 week old null and wild type animals were subject to TAC to induce pressure overload for 2 weeks, or Sham surgery in which mice undergo the entire surgical procedure except for ligation of the aorta. As expected, compared to Sham mice, heart weight:body weight ratios, left ventricular posterior wall thickness (LVPW) and corrected left ventricular corrected mass were all increased in both wild type and Col14a1 −/− mice subject to TAC (Table 1, Figure 8A -H). Interestingly, by determining the percent change of echocardiographic measurements between pre-versus post-surgery of Sham and TACoperated mice, greater changes in LVPW and LV corrected mass were observed in Col14a1 −/− mice following TAC, compared to wild types (Table 1) . However, the average increase in myocyte cell size was not significantly different between genotypes after TAC, with an average increase of 37.71%±5.24 in wild types and 44.48%±5.02 in Col14a1 −/− mice (p=0.4) (data not shown). At the level of fibrosis, Masson's Trichrome staining to detect collagen deposition revealed no significant difference between Sham versus TACoperated wild type mice and Col14a1 −/− animals ( Figure 8I ). Collagen types I and III are predominant within pathological fibrotic lesions of the heart [34] . In our system, comparable fold change increases in Col1a1 were seen in both wild type (2.5±0.23) and Col14a1 −/− (2.3±0.1) TAC-operated animals compared to respective Sham wild types, however the fold change of Col3a1 expression was more significantly increased in Col14a1 −/− (4.0±0.05) TAC-versus Sham-operated Col14a1 −/− mice compared to wild types (2.4±0.24) ( Figure   8J ). Collectively, these studies suggest that increased left ventricular wall thickness is greater in Col14a1 −/− subject to pressure overload compared to wild type animals, despite levels of cardiomyocyte hypertrophy and fibrotic responses being comparable.
Discussion
Collagen XIV is a FACIT-type collagen expressed in tissues of high mechanical stress [11] [12] [13] [14] [15] . Previously Ansorge et al., [11] generated mice null for this collagen type and reported dysfunctional fibrillogenesis in tendons and skin of mutant animals. In this current study, we report cardiac phenotypes and identify previously unappreciated roles for Collagen XIV in the development of the working myocardium. We observe that in the absence of Collagen XIV, the overall homeostasis of the ECM scaffold within the ventricular myocardium is compromised from as early as E11.5 (Figures 4 and 5) and associated with prolonged cardiomyocyte proliferation after birth and decreased myocyte size in adult Col14a1 −/− mice ( Figure 6 ). In addition, fewer fibroblasts within the ventricular myocardium are noted after birth as a result of increased apoptosis (Figure 7 ). These molecular and cellular abnormalities in young animals have detrimental effects on the overall structure and function of the adult working myocardium including exacerbated thickening of the left ventricular wall following pressure overload (Figure 8 ). These observations are one of the first to use a genetic mouse model to describe the importance of different collagens within the cardiac interstitium for myocardial growth and maturation, therefore providing new insights into potential mechanisms of adult myocardial disease in the human population.
The composition of ECM is a major factor well studied in the adult heart [1] , however relatively less is known about how the cardiac interstitium is assembled in the developing embryo [35] . In this study, we show that by E11.5, mRNA levels of many collagen types are highly expressed in the developing ventricular myocardium, predominantly fibril-forming types Col1, Col2 and Col3, and comparable mRNA levels of the FACIT member, Col14a1 (Figure 4) . Spatially, Col14a1 is first observed in nonmyocardial structures including the endocardial cushions from as early as E10.5, and high levels of expression are maintained in adult valves ( Figure 1C ) [20] . Surprisingly, loss of Col14a1 did not result in overt valvular phenotypes, suggesting a less important role in these connective tissue structures. In the myocardium, Collagen XIV immunoreactivity is not observed until E14.5, where it is localized to the subepicardial space and compact zone (Figure 1) . Consistent with high levels of Col14a1 mRNA at E11.5, null mice display dramatic changes in transcript levels of other collagen types in the ventricular myocardium at this time (Figure 4 ). This includes significant increases in fibril-forming collagens Col1a1, Col1a2, Col3a1 and Col27a1 that form the structural framework of the cardiac interstitium and provide tensile strength during high mechanical demand [1] . These observed alterations in collagen mRNA homeostasis at E11.5 suggests that similar to tendons, Collagen XIV plays a role in establishing the collagen network in the ventricular myocardium and observed increases in the closely related FACIT, Col12a1 are not sufficient to compensate. It is known from Ansorge et al., [11] that Collagen XIV is important for fibrillogenesis, however it is appreciated that changes in transcript levels observed in this myocardial study may not reflect fibril assembly and fiber formation, although Collagen I protein levels were consistent with mRNA observations. Nonetheless, the lack of collagen fiber organization seen in the myocardium of Col14a1 −/− mice ( Figure 5C , D) along with significant changes in MMPs and their inhibitors, does suggest that assembly and remodeling of the cardiac interstititum is attenuated in this model. In contrast to tendons, these disruptions in collagen homeostasis do not affect the biomechanical properties of isolated ventricular skinned papillary fibers ( Figure 3F ). However, echocardiography to determine function of the intact heart indicates mild dilation of the left ventricle in the absence of hypertrophy, and decreased ejection fraction (Figure 3 ), although these parameters do not worsen after pressure overload. These studies suggest that defects in establishing the cardiac interstitium during development lead to attenuated physiological function of the working myocardium after birth. Additional studies using conditional approaches to delete Col14a1 function after birth would further test this hypothesis and determine the requirement of Collagen XIV in the adult myocardium for maintaining structure-function relationships.
In addition to the ECM architecture, collagens are critical components of the development and maintenance of cellular organization, communication and function including cell survival [1] . In many systems, collagens have been shown to play roles in positively and negatively regulating cell proliferation and apoptosis [36] [37] [38] [39] , although to date, little is known about the embryonic heart. During early stages of myocardial development myocyte proliferation is rapid, however after birth, cell division is rarely observed and growth into adulthood relies on hypertrophy [40] . At E11.5, cardiomyocyte proliferation in Col14a1 −/− embryos is apparently normal, yet at post natal stages proliferation rates are much higher than wild types ( Figure 7A-C) , suggesting that Collagen XIV is not required for promoting early cardiomyocyte cell proliferation, but potentially important for cell cycle withdrawal after birth. By three months of age, proliferation as expected, is virtually absent in both wild types and null animals, however due to differences at post natal stages, cardiomyocyte number is higher in ventricles of adult Col14a1 −/− mice ( Figure 7D-F) . Interestingly, this hyperplastic phenotype does not lead to increased wall thickness at baseline, as determined by echocardiography (Figure 3D ), and this is likely due to the observed decrease in cardiomyocyte size in the absence of Collagen XIV. The mechanisms of prolonged proliferation in the post natal heart of Col14a1 −/− mice are not clear and previous studies have reported a positive role for fibroblasts in promoting proliferation of embryonic myocytes [41, 42] . In the myocardium of Col14a1 −/− mice fibroblast number is decreased as a result of apoptosis ( Figure 7C ), therefore suggesting that increased myocyte cell number is not due to expansion of the fibroblast cell population. However, it is considered that these opposing changes in myocyte and fibroblast cell survival in the neonatal myocardium of Col14a1 −/− mice commonly stem from interruptions in formation of the collagen network during development. The effects of this will likely be detrimental on cell-cell and cell-ECM interactions [41] , and lead to aberrations in known mechanisms of collagen-mediated cell survival, including integrin-mediated regulation of downstream signaling cascades such as PI3K/AKT [43] [44] [45] . Although these collective changes in myocardial cell number and size do not lead to hypertrophy or overt functional defects in adult Col14a1 −/− mice at baseline, the pathological thickening of the left ventricular wall after TAC surgery is significantly greater than comparable surgeries in wild type mice ( Figure 8 , Table 1 ). As the degree of hypertrophy of individual myocytes in null animals is not significantly different, this suggests that in pressure overload conditions the underlying increase in myocyte number significantly promotes exacerbated pathological growth of the heart. This model of Col14a1 deficiency provides insights into the importance of establishing the cardiac interstitium for the regulation of cardiomyocyte and fibroblast cell survival and therefore, susceptibility of the working myocardium after birth.
It is well established that collagens serve to positively regulate tissue morphogenesis and function, and defects in the assembly, organization and maintenance of collagen fibrils underlies and promotes the progression of many pathological states. In the adult heart this is most well understood during fibrosis when initial collagen deposition is considered beneficial for replacing interstitial regions occupied by necrotic myocytes, while long-term, collagen secretion becomes deleterious to the overall biomechanics and function of the heart [5] . Despite a striking alteration in the balance of collagen mRNA levels in Col14a1 −/− mice from E11.5, as well as reduced fibroblast number at birth, the cardiac fibrosis program is not significantly affected two weeks after pressure overload. However, long-term evaluations of fibrous scar tissue formation and ventricular function were not made in Col14a1 −/− mice in this current study. In the human population, collagen gene mutations underlie many connective tissue diseases including Ehlers-Danlos and Stickler Syndrome, and although musculoskeletal abnormalities are prominent in these patients, cardiac defects are not commonly reported [46] . However in this current mouse model, exacerbated pathological left ventricular wall thickening was only evident following pressure overload, and therefore it is considered that Col14a1 loss of function may increase susceptibility in response to cardiac stress. To date, COL14 mutations have not been identified in the human population and although Col14a1 −/− mice are viable, several connective tissues associated with high mechanical demand (tendon, skin, myocardium) display structural abnormalities and functional weaknesses stemming from defects in collagen composition and organization. This current mouse model [11] is the first to demonstrate the role of FACIT collagens in formation of the cardiac interstitium within the developing myocardium, and the importance of Collagen XIV in regulating cardiomyocyte and fibroblast cell populations during post natal stages. Further, we demonstrate that aberrations in assembly of the collagen network during embryonic development have detrimental effects on cardiac structure function after birth, particularly in a pressure overload model. Identification of the mechanism(s) underlying development of healthy myocardium will provide valuable insights into the mechanisms of cardiac disease including the previously unappreciated susceptibility in patients with connective tissue disorders. LVID, left ventricular internal dimension; EF, Ejection fraction; Ao, aortic; LV, left ventricular; HW, heart weight; BW, body weight.
